We present the systematic de Haas-van Alphen (dHvA) quantum oscillations studies on the recently discovered topological Dirac semimetal pyrite PtBi 2 single crystals. Remarkable dHvA oscillations were observed at field as low as 1.5 T. From the analyses of dHvA oscillations, we have extracted high quantum mobility, light effective mass and phase shift factor for Dirac fermions in pyrite PtBi 2 . From the angular dependence of dHvA oscillations, we have mapped out the topology of the Fermi surface and identified additional oscillation frequencies which were not probed by SdH oscillations.
(dHvA) oscillations on pyrite PtBi 2 single crystals. The dHvA effect provides a powerful tool for probing the Fermi surface topology and has been widely applied to many topological semimetals, such as Cd 3 As 2 17 , TaIrTe 4 18 , ZrHM (H = Si, Ge; M=S, Se, Te) [19] [20] [21] and TaP 22 . In PtBi 2 , we observed prominent dHvA oscillations at field as low as 1.5 T. Signatures of relativistic fermions in pyrite PtBi 2 has been observed, including light effective mass and high quantum mobility. From the angular-dependent dHvA oscillations, we have also revealed 3D Fermi surface of pyrite PtBi 2 and identified additional oscillation frequencies which were not probed by previous SdH oscillations.
High-quality pyrite PtBi 2 single crystals [top left corner of Fig. 1(a) , inset] were prepared by flux method.
The excellent crystallinity has been demonstrated by the sharp single crystal X-ray diffraction (XRD) peaks as shown in the Fig. 1(b) , with the full width at half maximum of the rocking curve reaching as low as 0.05° In addition to these two major frequencies, we also noticed two additional frequencies near the 2 nd harmonic frequency of , marked as and in Fig. 2(b) , which has not been observed in the previous SdH oscillation studies 22 . As will be discussed latter, these additional frequencies are result from the hole Fermi pockets in the first Brillouin zone, which enables us to further investigate the electronic properties of pyrite PtBi 2 . We have also performed magnetization measurements at various temperatures to obtain the effective mass of the  and  bands. Given the weak F  oscillation component damps quickly with rising temperature, our measurements are focused on the relative lower temperature range from 1.8 K to 4 K, as shown in Fig.   3 (a). The dHvA oscillation that contains phase factor can be described by the Lifshitz-Kosevich (LK) formula 24, 25 : (1) where , , is the Dingle temperature and . is the Boltzmann constant, is the Planck's constant, is the effective cyclotron mass at the Fermi energy, which can be obtained from the fitting of temperature dependence of FFT amplitudes to the thermal damping term of the LK formula, . As shown in Fig. 3 (b), our fittings yield the effective masses of and ( is the free electron mass) for the  and  bands, respectively. Both the effective masses are lighter than previous results obtained from the SdH oscillations 22 , especially for the  band, whose effective mass is about four times smaller than the transport result.
Besides, by fitting the dHvA oscillation amplitudes with inverse magnetic field to the Dingle damping terms , we can obtain the Dingle temperature of both frequencies. To achieve more accurate fits, we separated the oscillation components of  and  band through filtering out irrelevant oscillations, then we extracted the oscillation amplitude of 2K as a function of 1/B, the best linear fittings based on the transformational LK equation yield the Dingle temperatures and , respectively. The quantum scattering lifetime , which is related to the Dingle temperature by , are and , the quantum mobilities estimated by , are and , respectively. Such high quantum mobilities are higher than the ones obtained from the SdH oscillations.
In addition to the light effective mass and high mobility, Berry phase close to π is another important characteristic for topological non-trivial bands. The Landau level (LL) index fan diagram has been widely used to extract Berry phase for topological materials. However, for oscillations containing multiple frequencies, phase factor for each frequency component is better to be extracted by fitting the oscillation pattern to the LK formula 26 . As shown in the Fig. 3 To investigate the Fermi surfaces topology of pyrite PtBi 2 , we performed angular-dependence of dHvA effect measurements with magnetic field rotated from the out of plane to the in-plane direction, as shown in Fig. 4(a) . In Fig. 4(b) we depict the oscillation components with the magnetization background are removed.
Although the dHvA oscillation patterns vary with field orientations, the oscillations remain to be strong when rotating the field direction, indicating 3D Fermi surface for pyrite PtBi 2 . From the FFT spectra of the oscillation patterns [ Fig. 4(c) ], we extracted the angular-dependences of all oscillation frequencies , ,
, and , as shown in Fig. 4(d) . As shown below, these angular-dependences frequencies agree well with the Fermi surface morphology of pyrite PtBi 2 .
The electronic structure of pyrite PtBi 2 was obtained by performing an ab initio calculation. The band structure was calculated by density functional theory and fully relaxed atomic coordinates. As shown in the inset of Fig. 4(d To make a comparison of the results between the SdH oscillations and dHvA effect, we summarized the major characteristic parameters in TableⅠ. We found that both the main dHvA oscillation frequencies are slight lower than those of the SdH results. The magnetization results also reveal a lighter effective carrier mass and higher quantum mobility than those from the transport results. As we know, the dHvA effect can be well interpreted by LK theory 30 , the SdH effect is an analogous effect on the electrical resistance and shares the same physics of the quantized landau level picture with former, but there is delicate difference between them. The dHvA effect is an equilibrium state behavior, the oscillatory magnetization is related to the oscillations of the density of states. The SdH effect is a nonequilibrium dynamics effect, except for the state density, it is also closely related to the electron scattering rate, which has the same oscillation period with state density. However, the electron scattering can be complicated by some mechanisms, such as lattice scattering, impurity scattering and inter/inner-Landau level scattering et al 27 In conclusion, we have performed dHvA oscillation studies on Dirac semimetal pyrite PtBi 2 using magnetization measurements. Strong dHvA quantum oscillations can be observed at a field as low as 1.5 T.
The analyses of the oscillation patterns reveal high quantum mobilities and light effective masses for Dirac fermions in pyrite PtBi 2 . The angular dependences of the oscillation frequencies agree well with its electronic structure. Furthermore, the observation of additional low frequencies provides us with opportunities to investigate the Fermi surface pockets that were not accessible in SdH oscillations.
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